As interest in renewable energy sources is steadily on the rise, tidal current energy is receiving more and more attention from politicans, industrialists, and academics. In this article, the conditions for and potential of tidal currents as an energy resource in Norway are reviewed. There having been a relatively small amount of academic work published in this particular field, closely related topics such as the energy situation in Norway in general, the oceanography of the Norwegian coastline, and numerical models of tidal currents in Norwegian waters are also examined. Two published tidal energy resource assessments are reviewed and compared to a desktop study made specifically for this review based on available data in pilot books. The argument is made that tidal current energy ought to be an important option for Norway in terms of renewable energy.
Introduction
Norway is well known for her offshore oil and gas industry. Today, as climate problems are at the summit of the international political agenda, perhaps it is time to also highlight the promising potential for renewable offshore energy resources in Norway, including offshore wind, wave, and tidal current energy. In this review article, the aim is to take a closer look at the tidal current energy resource in Norway.
We propose to review the somewhat limited published work-in terms of energy potential assessments, numerical modelling, experiments, and prototype construction-that has been done in this particular field against the background of the energy situation in general in Norway, the current state of tidal current energy research, the oceanographic characteristics of the Norwegian coastline, and scientific studies of tidal motion that have recently been undertaken with other purposes than energy extraction. Focus will be on the tidal energy resource itself, rather than on possible technical solutions to exploit this resource. Where applicable, international comparisons will be made. In the final discussion, we argue that tidal current energy ought to be a viable option for Norway as a renewable energy source, which deserves a considerably higher degree of attention from government, universities, and industry than what is currently the case.
Energy supply in Norway
In economical terms, Norway produces very much more energy than she consumes, due to her offshore oil and gas fields. According to official statistics [1], Norway in 2006 made domestic use of 14.9% of the total primary energy production for the year. The balance was exported, almost exclusively in the form of fossil fuels. The final domestic energy consumption (after losses etc. have been discounted) was 222 TWh, of which 48.6% was in the form of electricity.
The electricity production in Norway has traditionally been largely based on hydro power. In 2006, hydro power contributed 98.5% of the total electricity production in Norway, the mean annual production from hy-dro power being 120.9 TWh. Hydro power is still being developed, and the remaining exploitable resource is estimated to 39.4 TWh, excluding protected rivers [1] . Electricity produced in Norway is traded on the Nordic Power Exchange (Nord Pool 1 ), a marketplace for electricity trading in Finland, Sweden, Denmark, and Norway. Norway also has grid connexions to Russia, and a 700 MW subsea cable (NorNed) to the Netherlands recently became operational 2 . The net electricity import in 2006 amounted to 0.7% of the total production in Norway [1] .
Besides hydro power, renewable energy sources play a minor role in Norwegian energy supply. Of the 2006 final energy consumption, 6 .6% came in other forms than fossil fuel or electricity, although it was not specified how much of this fraction came from renewable sources [1] . Wind power contributed 0.7 TWh of electricity that year, just over half a per cent of the total electricity production.
As in many other countries, energy issues in general and renewable energy in particular are receiving a lot of political attention in Norway. The potential for wind and wave power in Norway has often been pointed out [2, 3] . There is no nuclear power programme in Norway, but the potential of thorium as an energy source was nevertheless recently investigated [4] . While not herself a member of the European Union, Norway is still influenced by the ambitious EU climate and energy goals, and in a recent report commissioned by the Ministry of Petroleum and Energy [5] , it was suggested that Norway might become a major exporter of electricity-generated from hydro and offshore wind power-to the European market. Looking ahead, the Norwegian authorities have set a combined goal for renewable energy and energy efficiency of 30 TWh increased annual production by 2016 over the 2001 level [6] . In light of this, it is likely that the interest in renewable energy sources will increase considerably in Norway in the coming years.
Tidal currents as a renewable energy resource
The increased attention on global warming and our dependence on fossil fuels have spurred interests in utilizing renewable resources to reach a sustainable power production. Ocean and tidal currents are obvious carriers of large amounts of energy, and over the years considerable effort has been spent both by academia and industry on finding better ways to produce electricity from this source. One way to harvest the tidal energy is to build a tidal barrage in an estuary or a bay in high tide areas. The technology for tidal barrages is similar to that of run-ofriver hydro power plants. The well-known 240 MW tidal barrage La Rance [7, 8, 9] was constructed during the 1960s in France and there are also a few smaller power stations in Canada, China, and Russia [10] . For some time, the possibility of constructing a tidal barrage in the Severn Estuary in the United Kingdom has been the subject of intense discussion [11, 12, 13, 14] .
Tidal barrages have the benefit of using well-known technology, but on the other hand they require quite a bit of civil engineering work, the local environmental impact can be considerable, and the number of suitable sites is limited. Another way to harvest the tidal current energy is to extract the kinetic energy from the free flowing water, in a sense similar to wind energy conversion. Such energy converters have been called tidal in-stream energy conversion (TISEC) technology [15] , marine current energy converters (MCEC) [16] , or more commonly simply marine current turbines. By avoiding dams and large reservoirs, the detrimental impact on the local environment is thought to be kept to a minimum. Energy extraction with marine current turbines promises to be an environmentally friendly way to generate renewable electric energy with no emission of green house gases during normal operation. Technology development in this field is on-going, however, at present there are no full-scale marine current power farms in commercial operation.
Already at this early stage of development, it has been shown in a life cycle assessment (LCA) that the 1.2 MW Seagen marine current turbine [17, 18] compares well with for instance offshore wind turbines regarding carbon intensity and energy payback period [19] . Although it is not completely straightforward to compare results from different LCAs (due to e.g. the chosen system boundary and assumptions included in the analysis), the results from [19] are clearly promising for energy conversion from marine and tidal currents.
Other environmental effects-such as impact on the benthic ecology, noise, and possible environmental impact from deployment and decommissioning-are also discussed in the literature [20, 21, 22] . The impact is in many cases presumed to be small, however, more research and data from full-scale offshore experiments are needed before any definite conclusions can be drawn. It is likely that the environmental impact is dependent on site specific conditions as well as on the chosen technology.
Renewable energy sources can be both unreliable and intermittent, creating problems in power delivery and affecting the economic viability of projects. Tidal currents are intermittent, but also highly predictable in their nature. Furthermore, with a suitably chosen limited rated power of each device, tidal currents offer a relatively high capacity factor (or degree of utilisation) [23] , which is vital for the economic viability of any renewable energy project [24] . Recent publications have suggested that the potential problems of intermittency and cost of backup generation (or redundancy) could be mitigated by developing sites that are phase shifted relative to each other. The aggregate output from the marine current turbines could then provide a base load. Such a system would require a coastline where the tidal phase varies with geographical location, as is for instance the case in the British Isles [23, 25] .
Researchers around the world have put a lot of effort into developing the theory on how to correctly assess the tidal current energy resource. These reports focus on how much energy that can be extracted from a site with a certain characteristic geometry, for instance in a simple uniform channel [26, 27] , a channel with varying cross section linking two large bodies of water [28] , a channel connecting a bay to a large basin [29, 30, 31] , or sites where the flow is less restricted such as the accelerated flow around headlands [32, 33] . It is clear from this work that the extractable potential is site dependent and not always simply proportional to the kinetic energy in the undisturbed tidal current.
For a tidal channel with a large cross-sectional area compared to that of the turbine, the situation could be said to be analogous to the results derived by Betz for power extraction in an unconstrained flow, where the maximum available power is roughly 59% of the kinetic energy flux in the undisturbed flow through the same area as that of the turbine. However, in a more restricted flow (a small channel or where the turbines cover a significant part of the channel cross-section), the boundaries of the channel are likely to affect the fraction the kinetic energy that can be extracted. Under these circumstances, it has been concluded that the kinetic energy flux in the undisturbed flow is not a reliable estimate of the available power [28, 29] .
Meanwhile, a growing interest in the economic potential for tidal energy during the 1990s and early twentyfirst century led to a number of resource assessments, oftentimes produced by private consultants, being pub-lished [34, 35, 36, 37, 38, 39, 40] . The purpose of most of these desktop studies was mainly to give a broad estimate of the potential from a large number of sites to aid in strategic decision-making regarding policies or future investments in tidal energy. This called for an easy-touse methodology that could be implemented for all sites. Hence, in many cases, in contrast with the findings in for instance [28, 29] , the kinetic flux through the channel cross section has been used as a measure of the available power regardless of the local bathymetry. As discussed in section 4, this has also been the case in recent resource assessments in Norway. For a more in-depth review of previous international resource assessments, see [41] .
Oceanographic description of Norway
Norway is situated in the western part of Scandinavia at 58 • -71 • N, characterized by the numerous fjords spread all along the coastline, originating from the end of the ice age. Although the coastline is 2 500 km long as the crow flies, the total length of the coast is 83 000 km including all the fjords and islands. Beyond the visual beauty of the fjords, oceanographers have for many years taken an interest in studying the physical oceanic processes of the fjords and the shelf areas in Norway. Much of this research has had the purpose of mapping fish species and their spawning areas [42, 43] . The seafood industry is one of the major industries in Norway and has the second largest export in the world 3 . Especially important fishing areas are the northwestern and northern parts of Norway, including the areas around the Svalbard islands at 76 • -81 • N (see Fig. 1 ). However, studies of Svalbard have focussed not only on oceanic processes regarding the marine life, but on the oceanic circulation around the islands, due to it being of major importance to the global climate [44, 45] . Altogether, the physical processes involved in the oceans around Norway are thus well known. The aim of this section is to give a review of the hydrography and coastal structure of the coast of Norway. Although there are many interesting aspects of the circulation in Norwegian waters, this section is limited to the surface water masses and currents. The description includes the oceans surrounding Norway, the varying structure of the continental shelf, and the propagation of the tidal wave. Some areas are of particular interest and are therefore described in further depth.
Oceans around Norway
The coastline of Norway borders several oceans, whose hydrography and bathymetry influences the overall coastal current pattern. To the south lies the Skagerrak (see Fig. 1 ), which is the eastern part of the North Sea and through which the brackish water of the Baltic Sea passes. The circulation in the Skagerrak is cyclonic with a westward current along the southern end of Norway. The current is partly driven by the mixing of brackish outflow from the Baltic Sea and high saline deep-water as described in [46, 47] .
Compared to the North Sea, the Skagerrak is deep due to a depression in the sea floor down to 700 m [46] . The sea-floor depression that runs from Skagerrak up along the Norwegian coast to the 62 • N latitude is called the Norwegian Trench. The North Sea, in between Norway and Great Britain, is shallow with a mean depth of 100 m, but is deeper (300-400 m) along the Norwegian coast due to the presence of the Norwegian Trench. At 62 • N the North Sea segues into the Norwegian Sea and the trench continues into the continental slope. Being a part of the North Atlantic Ocean, the hydrography in the Norwegian Sea is to a large extent influenced by warm water from the Norwegian North Atlantic Current (NAC) that is an extension of the Gulf Stream. According to the Norwegian Pilot (DNL) 4 [48] , this is the reason coastal areas even at 68 • N are ice-free during winter.
The westward coastal current encountered in the Skagerrak flows north along the Norwegian coast. The current is referred to as the Norwegian Coastal Current (NCC), consisting of Norwegian coastal water (NCW) and Atlantic water (AW). NCW appears close to the coast and is recognized by low salinity and cold temperature, being a result of large amounts of freshwater runoff from the fjords. AW is warmer and saltier and comes into the North Sea rounding the Shetland and Orkney Islands. AW is transported into the Norwegian Sea by the NAC. At 63 • N the NCC splits in two, one branch joining the NAC and the other continuing along the coast in the shape of a coastal jet [49] . As the coastal jet moves northward, it mixes with AW and its salinity increases on the way.
From 62 • N latitude to the Lofoten islands (see Fig. 2 ), the continental shelf has a mean width of more than 200 km to the 500 m isobath [43] . As the NCC reaches Vestfjorden, it again divides in two where one branch integrates in the circulation of Vestfjorden and one travels north along the outside of Lofoten [50] .
At 70 • N, the continental slope continues north towards Svalbard, and the NAC splits with one branch following the shelf slope. The other branch moves eastward, parallel to the Norwegian coast, into the Barents Sea [42] . North of Norway lies the Tromøflaket, where depths are around 400 m. Here the NCC is wide, still following the coastline while covering a large part of the Tromøflaket.
The circulation around Svalbard is more complex involving both AW and Arctic water, the former being warmer and saltier. The two distinctly different water masses are separated by the polar front south of Svalbard. The most important currents involved in the circulation around Svalbard are the West and East Spitsbergen Currents (WSC and ESC, respectively). The latter 
Tides
The coastline of Norway is strongly affected by tides. Apart from extreme low pressure occasions, tides are the dominant contributor to sea level variations along the Norwegian coast. The tidal wave propagates along the eastern borders of the Atlantic Ocean. As it reaches the northernmost tip of Great Britain, only a fraction of the wave moves eastward into the North Sea. It is reflected when it arrives in coastal areas, and the interaction between the incoming wave and the one reflected from the coast results in a tidal amplitude of only a few decimeters along the west coast of Sweden and south coast of Norway [52] . However, although the tides are modest, weather related effects on the water level in the south are large. The maximal tidal range (HAT-LAT 5 ) is 72 cm in Oslo, but the maximum observed sea level range is 308 cm. In [53] , an extreme low pressure area was reported to have caused the water level to rise 2 m in 5 hours. The modelled volume flux through the strait of Drøbaksundet in Oslo indicated that the velocity could have been 5 m/s. Other similar effects were reported in [54] , where the amplitude of a sea level oscillation was 0.8 m along the west coast of Norway, triggered by spatial and temporal variations in the atmospheric forcing during a storm event.
The main part of the tidal wave departing north Great Britain continues over the continental shelf west of Norway, propagating northward along the Norwegian coast as a Kelvin wave [42] . The shallower depths in the central parts of Norway enhance the amplitude of the tidal wave. In Bodø south of Lofoten, the maximum tidal range is 333 cm with a mean spring tidal range of 236 cm [55] . Here the difference between Highest Water Level (HWL) and HAT is less than in the south, as can be seen in Fig. 3 .
The tidal wave is dominated by the semi-diurnal component M2. However, Vestfjorden acts as a trap of the semi-diurnal component and a strong sea level gradient appears between the area outside of Lofoten and Vestfjorden [56] . North of Lofoten the shelf-waves split up, one branch following the continental slope towards Svalbard, and the other continuing along the coast where it slows down and increases in height as it approaches Vardø (see Fig. 3 ).
Sites of interest for tidal current energy
Tidal amplitude, narrow constrictions, topographic effects, and natural period of standing waves in a basin are all important for the evolution of strong tidal currents. Narrow and shallow inlets lead to head difference and phase delay between the tidal waves at either ends of the channel. If the natural period of the basin, determined by [52] its dimensions, is close to the tidal period the tidal range is enhanced due to resonance effects. The largest tidal range in the world, 16 m, is possibly that in the Bay of Fundy in Canada, where the natural period of the basin is around 13 hours, close to the tidal period of the main semi-diurnal component which is 12.42 hours 6 .
In Norway, strong tidal currents are common in the north partly due to the increase in tidal range with latitude. The Moskenstraumen (sometimes Moskstraumen) tidal current in Moskenes Sound (see Fig. 2 ) has been world-famous for centuries, due to the mythical capacity of the Maelstrom vortex to pull ships down under the sea and swallow them up [57] . The surface current reportedly reaches a strength of 5 m/s at times according to DNL [48] , and it is occasionally strong enough to appear in satellite SAR images [58] . The mechanism behind the current is the water level difference between Vesterålen (to the west of Lofoten) and Vestfjorden (to the south), which creates a pressure gradient. In [57, 59] it was concluded that the level difference arises due to two combined effects; the narrowing of the continental shelf from being relatively wide to very narrow west of Lofoten, and a tidal choking phenomenon caused by the blocking effects of the group of islands and the shallow bank at the tip of Lofoten.
Current measurements of Moskenstraumen are scarce. However, in DNL [48] current measurements are presented for several sites in channels running through the Lofoten islands. One example is Gimsøystraumen, a channel in the middle of Lofoten, where the measured maximum spring tidal velocity was 2.3 m/s occurring one hour after high water. In Sandtorgstraumen, a channel closer to the mainland, the measured spring tidal velocity was above 2 m/s [60] . The forces behind these currents are sea level differences between the areas north and south of Lofoten.
The Saltstraumen current, located on the mainland coast at 67 • N, is presented in [48] as having a spring tidal current velocity of around 4 m/s, but it is said to be considerably higher during certain weather conditions. The strong current in the channel arises due to the geometry of the narrow channel causing hydrodynamic drag [61] , which leads to a phase delay in time and a strong dampening of the tide. According to [61] , the major tidal constituent is delayed 114 min and reduced by a factor of 0.61 from Bodø (see Fig. 2 ) to Finneid (located inside of Saltstraumen).
Because of the large amount of fjords in Norway, it is likely this tidal choking phenomenon is the most common cause of strong currents. Another site where this occurs is in Trondheimsleia, the approaches to Trondheim (see Fig. 1 ), where the peak tidal current velocity was on the order of 0.5 m/s [62, 63] . Since the tidal amplitude increases with latitude, the strongest tidal currents are found in the Lofoten area and further north along the coastline, far surpassing the velocities in Trondheimsleia.
Numerical models of tidal currents in Norway
Over the years, a fair amount of numerical modelling work has been done regarding tidal flow along the Norwegian coast and around Svalbard. This work has been aimed mainly towards such uses as understanding the implications of underwater currents for transport of biological and chemical tracers (cod eggs, etc.) [64] and the prediction of surface currents and depth variations for the benefit of shipping [54, 63] . Relatively little published work has been concerned with tidal energy assessments or related issues. While not originally intended for tidal energy use, many of the models developed still ought to be suitable or at least adaptable for this purpose.
In the following section, we shall take a look at a few numerical models used for different geographical locations in Norwegian waters.
The University of Oslo Model
A numerical model developed at the Department of Mathematics at the University of Oslo has been used to simulate tidal flow in several locations along the Norwegian coastline. Among them is the Moskenstraumen current (see section 2.3), studied by Gjevik et al. [59] . The model included the semi-diurnal components M 2 , S 2 , and N 2 as well as the diurnal component K 1 , and the authors claimed fair agreement between calculated phases and amplitudes and observed values provided by the Norwegian Hydrographic Service. Although some large eddy-like structures were observed in the flow, nothing even remotely similar to the ship-swallowing Maelstrom of the ancient tales appeared in the simulations. With a view to studying the importance of Moskenstraumen for cross-shelf transportation of cod eggs, larvae, etc. from an environmental perspective, Ommundsen [64] used the flow data from [59] to track particle drift due to the tidal events.
The authors of [59] and [64] used the same numerical model to study the tidal flow in the entire Lofoten area in [56] . The simulation spanned an area roughly 350 km by 350 km out of which approximately 3/4 were sea and 1/4 land. The spatial grid resolution was 500 m, which must be considered quite fine under the circumstances. The tidal motion was tracked from ocean boundary conditions taken from larger-scale models and into relatively narrow gaps and sounds among the islands of the archipelago. Certain non-linear effects, such as turbulence and flow separation, were ignored in the model. Among the results reported were current fields for Moskenes Sound, Tjeldsundet, the Sortland channel, and the Gimsøy channel. These figures were correlated with data from [48] and found to be in general agreement, especially with regard to temporal shift in the current throughout the tidal cycle. While the geographical positions chosen for evaluation in [56] may be obviously unsuitable for tidal energy extraction-they seem to have been selected mainly due to their importance as local shipping lanes-, the potential of the numerical model for use in evaluation of possible tidal energy sites should nevertheless be clear.
The numerical model, as used in [59] and [64] , neglected non-linear advection terms. These were included by Hjelmervik et al. [65] , and the model was used with a grid resolution of 25-50 m to simulate the tidal flow in Tjeldsundet and Ramsundet [60] . The model was still depth-integrated, meaning results for current speeds etc. were averaged from bottom to surface. In this way, any stratification in the water due to e.g. salinity or temperature was not modelled; the authors assumed that in narrow, shallow sounds turbulent mixing would do away with stratification, and thus the simplification was felt to be justified. The purpose of the study reported in [60] was primarily navigational, and the surface tidal currents predicted by the model were incorporated into the navigational systems used by the Norwegian Navy during an exercise in early 2006.
Moe et al. [66] applied the model used in [56] to study the tidal flow along the coast of Møre and Trøndelag, two provinces located some 500 km south of Lofoten (see Fig. 1 ). The computational domain was of similar geographical size as in [56] , as was the spatial grid resolution. The justification for the study was mainly interest from the petroleum industry and navigational considerations. The aquaculture industry (fish farming) was speculated to be a potential future user of the model, mainly to study the drift and dispersion of passively floating particles in the water, as in [64] .
Gjevik et al. [63] again used the model to simulate tidal flow in the approaches to Trondheim (Trondheimsleia) in order to provide data for navigational chart systems. An analysis of measurements of current and sea level in the same area had been done by Orre et al. [62] . Again, a depth-integrated model using the shallow-water equations will not consider stratification, but for navigational purposes knowledge of local depth and surface current will usually be sufficient. The same model, but with a 50 m × 50 m grid resolution, was again employed by Orre et al. [67] to study chaotic dispersion in the Trondheim Fjord. Vertical shear was assumed to be negligible, at least in winter, and focus was placed on surface dispersion.
For completeness it should be mentioned that Gjevik and his co-workers also modelled tidal flow and/or effects, sometimes in combination with weather changes, in the Oslo Fjord [53] , the Barents Sea [68] , and the North Sea [54] . It appears the models used for these papers were earlier versions of the model described above.
The Bergen Ocean Model
Eliassen et al. [61] used a numerical model known as the Bergen Ocean Model (BOM), developed at the University of Bergen [69] , to study the circulation in Saltfjorden and Skjerstadfjorden (see section 2.2). These are situated south of Lofoten, close to the town of Bodø (see Fig. 2 ). While these fjords were actually included in the area covered by the simulations of [56] , they lie on the mainland coast and are not part of Lofoten. The two fjords are connected by Saltstraumen, where the tidal current will peak at over 4 m/s and be consistently stronger than 3 m/s in either direction during 2/3 of the tidal cycle [48] . This current was observed in the numerical model, even though the primary purpose of the study was not to investigate tidal currents or their potential for energy extraction.
The BOM is of a model type known as σ -coordinate, which is a poular type for ocean models. The main advantage of σ -coordinate models is their ability to resolve bottom boundary and surface layers, however, the models may exhibit erroneous internal pressure gradients under certain circumstances such as steep bottom topog-raphy [70] . The BOM implementation makes use of the hydrostatic and Boussinesq approximations 7 , both widely used in various ocean models [69] . The hydrostatic approximation is not necessarily valid when there are significant vertical variations in flow speed and stratification is weak. For in-shore tidal flow in constrained conduits such as fjords with varying depth and width, non-hydrostatic effects may be of considerable importance. The BOM was further developed by Heggelund et al. [71] to include non-hydrostatic effects.
Skogseth et al. [72] nevertheless retained the hydrostatic approximation when applying the BOM to study the circulation in Storfjorden in Svalbard (see Fig. 1 ). In this study, tidal currents of nearly 2 m/s were observed in Heleysundet and Freemansundet during ice-free conditions, although it was noted that the flow should be significantly damped when the sounds are covered by ice. The tidal current off Sørkapp reached 1.3 m/s according to the model, probably due to topographical enhancement. Again, the investigation was not aimed at tidal energy assessment, but the BOM ought to be possible to put to such use as well.
Other models
Ellingsen [73] applied the Navy Coastal Ocean Model (NCOM) developed by the U.S. Naval Research Laboratory [74] to the Trondheim Fjord to study internal tides and other phenomena in the fjord. The spatial grid resolution was varied between 100 m and 500 m. The NCOM is said to be particularly suited for modelling the Trondheim Fjord and to handle the inclusion of river and runoff inflows well. The model is based on the hydrostatic and Boussinesq approximations. For the Trondheim fjord, modelling of heat flux between ocean and atmosphere was specifically added to the model [73] .
The study was aimed at understanding the circulation in the fjord and the spread and mixing of freshwater from rivers and runoff. While the importance of tides for energy influx to the fjord was recognised, no effort was dedicated to modelling tidal currents specifically [73] .
In addition to the work reviewed above, there has been a substantial amount of numerical work published on tidal ocean currents in the vicinity of Norway. These are, however, of relatively little immediate interest from a tidal energy extraction point of view and are therefore considered to be outside the scope of the present review.
Tidal current resource assessment in Norway
There has been little information published regarding tidal energy as a renewable resource in Norway. In international resource assessments such as [35, 36] , the Norwegian coastline has largely been ignored even though there have been several reports on strong currents in Norway, as mentioned in sections 2 and 3. However, in recent years the interest for offshore renewables has increased in Norway, and a number of estimates of the tidal energy resource have appeared. In this section, two published resource assessments will be examined. The first report to be published was a master's thesis project in 2006 [75] . This was then followed in late 2007 by an assessment [76] prepared by private consultants for Enova SF, a public enterprise owned by the Norwegian Ministry of Petroleum and Energy. Additionally, as a part of the present review, a comparative study including a large number of sites has been performed to complement the two published assessments (see Table 3 , App. A).
As with previous resource assessments, there is a considerable uncertainty connected to these desktop studies as they are mainly based on secondary material prepared for other uses than assessing the tidal energy resource. For instance, the tidal current velocity is collected from sometimes rather rough values given in pilot books. The problem is subsequently amplified when the velocity is cubed to estimate the kinetic energy, leading to large relative errors.
All three assessments are mainly based on the same data. The current velocities are gathered from DNL [48, 52, 77, 78, 79, 80, 81] , and depth and width for each site are estimated from digital sea charts available from the Norwegian Coastal Administration 8 . It is only the matter of interpreting the pilot books and sea charts that differs among the estimates. As mentioned in [75] , the velocities given in DNL sometimes carry little scientific value. In some cases the velocity is measured, and in other cases the velocity is estimated based on visual observation or collected from anchored rigs. From DNL, it is not always clear if the velocity at a certain site has been measured or estimated. Furthermore, it is not stated whether the velocity is the highest spring speed or a mean value. Having said that, it is important to note that the velocity data provided in DNL is interpreted as the mean maximum spring speed (MMSS) in the resource assessments. It is also assumed in the assessments that the currents vary sinusoidally at all sites. Another important issue is that the velocity is strongly dependent on the cross-sectional area along the channel [82] , and it is not clear from DNL precisely which location at a given site the velocity figures refer to. Furthemore, the drag of the support structures (which is further discussed in [83] ) is neglected when evaluating the technical and economical resource. All in all, these issues add up to the large uncertainty in the available resource assessments.
In tidal current resource assessments, the resource is 7 Hydrostatic approximation. The assumption that the pressure at a given point is due only to the weight of the water above it; considered to be valid when vertical accelerations are small in comparison to gravitational acceleration.
Boussinesq approximation. The assumption that density variations are too small to affect inertia but may be important with regard to buoyancy effects; considered to be valid in most ocean flows. 8 http://kart2.kystverket.no/ The theoretical resource is often defined as the kinetic energy available in the free flowing water throughout the whole cross-section on a site. How much of this energy that could be extracted is then labelled the extractable resource. In its purest form, the extractable resource shows the maximum amount of energy that could physically be extracted at a site. Quite frequently, however, concerns for the natural and social/economic environment are included when estimating the extractable resource. How large a fraction of the kinetic energy in the undisturbed tidal current that can be extracted without creating unacceptable ecological impact or reduction in the current speed is sometimes called the significant impact factor, or SIF [36] . Similarly, there might be other technical and economical constraints depending on the chosen site and technology that would be included in an analysis of the technical and economical resource. From here on, the theoretical resource is discussed unless otherwise indicated. The method used to attain the theoretical resource in [75] and in the present study is similar to that described in [36, 84] . It is not explicitly stated in [76] that this is the method that is used. However, a quick recalculation using the method from [75] yields the same results as presented in [76] . It is a simple and easy-touse model with its limitations and flaws (see e.g. [41] for more details). Based on the mean maximum spring speed (MMSS) and cross section at a site, the kinetic energy flux is calculated. With factors to describe the characteristics of the tide-such as the relationship between the first and second tide, spring and neap tide, assumed velocity profile, etc.-the annual energy is calculated. As mentioned earlier, this approach to calculating the theoretical resource is sensitive to errors in the input data for MMSS, since the cube of the speed is used for the energy estimate. With this in mind, 12 sites were evaluated in [75] , 22 sites in [76] , and 104 sites in this study (see Table 1 ).
In the present study, only the theoretical resource is considered (see Table 1 ), as the extractable, technical, and economical resources are expected to be both site specific and technology dependent. Hence, the results from this comparative study should only be seen as a rough indication of the size of the resource and how many sites that can be found in DNL. In [75] , 58 sites are listed as interesting, but the theoretical resource is only evaluated for 12 sites with a MMSS of 2 m/s or more and a minimum depth of 6 m, yielding 2.3 TWh. From this result the theoretical resource for Norway as a whole is estimated to 3.4-6.8 TWh. The extractable resource is based on an assumed SIF of 10-50% due to the large uncertainity connected to the concept of SIF. As discussed in section 1.2, both analytical and numerical models have shown that the limit of energy extraction can vary significantly. Although most of these are general models, no known site specific investigation regarding the limit of energy extraction has been published for Norway. The Enova SF study [76] , on the other hand, does not include the theoretical or extractable resource. Rather, the technical resource is evaluated for 24 sites taking into account the efficiency of the marine current energy converter and the fact that not all of the crosssectional area can be utilized. The assumptions include covering 50% of the cross-section, a 40% total system efficiency, and 3 500 hours of operation throughout the year. Sites with a maximum velocity above 1.5 m/s have been considered and two of the 24 sites have been excluded as they were considered too deep to be developed. With these constraints, the technical resource is estimated to slightly above 1 TWh and the expected economical resource to slightly below 1 TWh.
To see if it is possible to distinguish any general characteristics for the Norwegian resource, all the sites in the three resource assessments have been organized according to depth and velocity in Table 2 . Unsurprisingly, the lion's share of the resource is found in deep sites with a high velocity. However, it is also clear that there is a considerable number of smaller sites that could be developed. Given the relatively early stage of development of present-day tidal current energy conversion technology, it is not self-evident that the large sites would also automatically be the most economically attractive. In time, there might emerge different technical solutions for sites of different depth and velocity. Furthermore, the cost of deployment at different depths and distance to the nearest grid connection point could be vital factors determining if a site is economically viable or not. This has not been considered in these resource assessments.
It should be noted that the sheer size of Moskenstraumen has a large impact on the results shown in Table 2 . Moskenstraumen is included in [76] with a maximum velocity of 2.5 m/s. It accounts for 760 GWh or roughly 65% of the total resource, which also explains why 79% of the resource in [76] is found in the velocity interval of 2-3 m/s. In the present study, however, Moskenstrau- men is included with a maximum velocity of 3 m/s contributing roughly 27% of the total resource; hence the larger share of the resource in the velocity interval above 3 m/s in this study compared to [76] . It is also important to note that Moskenstraumen is not included among the 12 sites evaluated in [75] .
To summarize, the data used in the three resource assessments has limited scientific value and the methodology used results in large relative errors. The results presented could however give a rough indication of the size and characteristics of the Norwegian tidal energy resource.
Prototypes and experiments
Norwegian industry is renowned for its knowledge in offshore engineering, and in recent years several projects in ocean energy have been initiated. Not much has been published regarding these projects, however, other than short notes in tidal current energy technology reviews such as [6, 85] , probably because they are in early stages of development and mainly driven by private companies.
Perhaps the best known tidal current energy project in Norway is that of Hammerfest Strøm AS. The company was founded in 1997 and the largest owner Statoil brought in its expertise in offshore engineering. Hammerfest Strøm's first 300 kW prototype was deployed in Kvalsundet outside the town Hammerfest (see Fig. 1 ) in northern Norway in 2003. Since then, the company has reached an agreement to collaborate with ScottishPower with the intention to finalize a 1 MW installation in 2009 9 .
The Norwegian utility company Statkraft AS has also shown interest in tidal energy. Statkraft have been working with Hydra Tidal Energy Technology AS to develop a floating, moored platform that holds two contrarotating turbines rated at 500 kW each. The first demonstration plant, called "Morild", was planned to be deployed in Kvalsundet in Tromsø (a different site from the Hammerfest Kvalsundet). So far, an exploratory survey on possible environmental impact at the site has been published [22] . Furthermore, the strucural mechanics of the floating system and the importance of wave induced loads have been discussed in [86] . Other projects to be noted in [76] are a Darrieus turbine developed by Water Power Industries AS 10 and a horizontal axis turbine developed by TideTec AS. However, TideTec had applied for permission to build a pilot plant in Sundstraumen (close to the well known Saltstraumen; see Fig. 2 ), but their application for a 600 kW prototype was turned down by the Norwegian Water Resources and Energy Directorate in 2007, as the area is planned to become a marine protected area [87] .
Discussion
The geographic and oceanographic conditions for tidal current power generation are favourable in Norway. The extensive coastline with its numerous fjords, islands, sounds, and inlets makes for strong tidal currents with large flux volumes. Another beneficial effect of the long coastline in combination with the propagation of the tidal wave along the coast is the tidal phase lag due to geographical location. This phase lag provides an opportunity to distribute the tidal energy load on the national grid over time, thus in part mitigating the otherwise intermittent character of tidal energy.
In section 3, several numerical models of tidal flow in Norwegian waters were reviewed. While none of these models were aimed at calculating the tidal energy in the flow, they are clearly quite advanced and indicate the high level of understanding of ocean flow simulations that can be found in Norwegian universities. Both the Bergen Ocean Model [61, 69] and the model developed at the University of Oslo [56, 66] have been used to calculate the velocity and volume flux of tidal flow through narrow sounds. The models probably require some further development before they can be applied to tidal energy assessments. The next step, to calculate the theoretical tidal energy resource, should not be insurmountable. However, the theoretical resource on its own is probably a poor indicator of how much energy from a site can in practice be converted and delivered to the electricity grid (cf. section 1.2). For useful estimates of the extractable resource, it will also be necessary to include the effects of energy extraction in the calculations (i.e. to include the turbine farm in the model).
Such calculations should in turn provide better input for resource assessments such as those of references [75, 76] and that performed for the present review. As was pointed out in section 4, the unscientific nature of velocity data taken from pilot books is a major contributor to the limited reliability of and large variations in results among these studies. This is not because the figures in the pilot books are wrong, but because the accuracy and stringency required in such data is very much higher, and different in character, when trying to estimate an energy resource as compared to when navigating a vessel into a specific harbour. Furthermore, the appearance of tidal data for a particular site in a pilot book indicates that the site is used for shipping, commercial or otherwise, which in turn shows the importance of considering conflicts with other users. With proper numerical models available, the flow in sounds and fjords not covered by DNL could be simulated, which ought to give considerably more relevant figures from an energy point of view.
All three resource assessments suffer from other shortcomings, beside the input data. As has been mentioned, the methodology used is sensitive to relative errors, and it is questionable whether the theoretical resource-the kinetic energy in the undisturbed flowcan be used as a measure of the extractable potential. None of the assessments seem to have considered conflicts with other users. Norway has a lot of offshore industry; shipping, fishing, and aquaculture to name but a few. The establishment of tidal power plants may very well interfere with the interests of any of these groups, and this has to be taken into consideration when assessing the extractable resource. All three studies also assumed that the resource at one site is not affected by energy extraction at sites nearby, which is not necessarily true.
Two of the resource assessments [75, 76] , looking at only 12 and 22 sites, respectively, have concluded that the annual extractable resource is on the order of 1 TWh. However, due to the complex coastline in Norway, it is likely that there are many more sites that could be considered. In the study of the present review, more than 100 interesting sites have been highlighted, yielding a theoretical resource on the order of 17 TWh. How much of this potential that could be utilized is still unknown, and based on what was said above it should be clear that further study of the resource potential is necessary. However, that there is in fact a considerable tidal energy resource in Norwegian waters should be beyond dispute.
The importance of renewable energy sources is on the rise. Norway has a solid hydro power base to build on, but the almost total reliance on a single source of electricity is in itself disadvantageous. Hydro power is sensitive to changes in precipitation, and while there is still some room for further development in Norway, environmental concerns will eventually limit this resource as well. Among new sources of electricity, land based wind power exhibits the highest degree of technological maturity. Offshore wind power is still in relatively early stages of development, but benefits from the experience of the established wind power industry. Wave power rates highly in resource assessments, and while there are as yet no commercial wave power plants in operation in Norway, the technology is quickly being developed around the world. Tidal power is the third ocean power category, after offshore wind and wave power.
Against this background, tidal current energy conversion ought to be an interesting option for Norway. The main reasons, not necessarily in order of importance, are:
• Norway possesses a palpable tidal energy resource, although assessments to date of its extent are imperfect.
• Tidal currents are extremely predictable and reliable (compared to e.g. wind or waves).
• The length of the Norwegian coastline creates a tidal phase lag between different geographical locations. This phase lag could be exploited to even out the load over time.
• The abundant hydro power resource can be used to mitigate the intermittency of tidal power.
• There is a political will in Norway to increase the fraction of renewable energy, while at the same time decreasing the reliance on hydro power. There is also a movement to export electricity to other European countries.
• Norwegian industry has considerable experience in offshore construction work, which could be put to use in tidal power plant development.
In the end, it is not a matter of either hydro power or ocean power, nor of either wind power or tidal current power. It is a matter of a little bit of each. In order to ultimately decrease society's dependence on fossil fuels, all renewable energy sources have to be considered. Based on the conditions and previous work reviewed above, it should be clear that tidal currents are potentially very important to Norway from an energy supply point of view. 
